The goals of this research were focused on investigating the effects of irrigation with untreated wastewater, ozone-enhanced primary treated wastewaters (O 3 EPTW), tap water and tap water þ fertilizer on the macronutrient content in soil and plant tissues. The effect on plant development was evaluated by growing Lactuca sativa in soils irrigated with these different quality waters and wastewaters, and by determining the macronutrients content in water, soil and plants. In this study, the soils irrigated with O 3 EPTW showed increased organic matter concentrations, which is advantageous for crop cultivation. The electric conductivity for the O 3 EPTW irrigated soils remained below those of the tap water þ fertilizer and untreated wastewater. The soil irrigated with tap water þ fertilizer showed a marked decrease in pH, and its long-term use could lead to soil acidification. Macronutrient levels in plant tissues (N, K and Mg contents) were similar for all irrigation waters, except for tap water which always remained lower than the others. It was concluded that the use of O 3 EPTW may become a good irrigation alternative that can be employed without the health risks associated with the use of untreated wastewaters, also reducing the adverse effects on soil's salinity or acidification.
INTRODUCTION
Sometimes wastewater is the only available alternative for agricultural irrigation, but its use represents a potential health hazard due to its elevated content of pathogenic microorganisms, including Helminth eggs. Pathogenic microorganism concentrations can be lowered by the use of an advanced primary treatment (APT), which provides an effluent beneficial to agriculture because of its nutrients content (Orta de Velásquez et al. ). The nutrients contained in reclaimed wastewater can contribute to crop growth, but periodic monitoring of nutrient levels is needed to avoid an imbalance in nutrient supply for the irrigated plants (Pedrero et al. ) . Previous research has shown that the use of wastewater for crop irrigation may increase soil salinity, organic matter content, levels of exchangeable cations, phosphorus, and other microelements available for plant growth; as well as diminishing the soil's pH (Kiziloglu et after irrigation with untreated, preliminary and primary treated wastewater. They concluded that the soils irrigated with wastewater showed an increase on the yield of the plants and in their macro and microelement content. Hence, wastewater has a high nutritive value that can improve plant growth, reduce fertilizer application and increase crop productivities of poor fertility soils. However, while untreated wastewaters can be used on agricultural land for a short period of time, primary-treated wastewaters can be used in sustainable agriculture over a long term (Kiziloglu et al. Conversely, a study in Brazil (Herpin et al. ) found that the use of a secondary effluent to irrigate coffee crops had three major disadvantages: (1) an increase in soil sodicity; (2) a reduction of the soil's organic matter level with a decrease in cationic exchange capacity; and (3) a discrepancy in the nutrient balance for the soil-plant system.
That research also found that the soil's N, P and S concentrations were insufficient for coffee cultivation. It was concluded that the macroelements (N, P, K, Mg and Na) content in coffee plant tissues were within the normal ranges for the plant (with the exception of Ca, for which higher values were measured). On the other hand, Kiziloglu demonstrated that the use of an APT that combined the application of ozone at the coagulation step (ozoneenhanced primary treatment, O 3 EAPT), reduced the wastewater's phytotoxicity and improved germination rates during a preliminary evaluation of the influence of the treated effluents on plant seedlings. It was mentioned that those findings could result in beneficial effects such as improved productivities for irrigated plants. Nevertheless, the relationship between the nutrient content of the water, soil and plants was not investigated. Therefore, the aim of the present research is to evaluate the effect of the irrigation with different quality waters and wastewaters (including those subjected to an ozone-enhanced primary treatment) on the macronutrients content in soil and plant tissues of Italian lettuce.
METHODS
In order to evaluate the effects on macronutrients content (N, P, K) and ion concentrations (Na þ , Ca 2þ , Mg 2þ , and SO 4 2À ) in the soil-plant system, irrigation experiments were carried out in a greenhouse during 120 days using Italian lettuce (Lactuca sativa). For this purpose, five types of water were employed for irrigation: tap water, tap water þ fertilizer, untreated wastewater and ozone-enhanced primary treated wastewaters (O 3 EPTW). The number of analysed samples is specified in each subsection. During the experimentation period, each type of irrigation water was prepared every time just before irrigation, according to the procedures described below.
Types of water used for irrigation
• Tap water: used as a control to evaluate the evolution of the original nutrients content of the soil.
• Tap water þ fertilizer: used to simulate ideal nutrient conditions for growing L. sativa. It was prepared using the recommended mixture of the commercial fertilizer Ultra- 
Macronutrients content (soil and plant tissues)
Macronutrients in soils were determined at the beginning of the experiment (virgin soil, before any irrigation) and at 40, 80 and 120 days of crop cultivation. One hundred grams of soil were taken from each plant (20 plants for each water type). In every case, the subsamples were mixed and a total of 2 kg of soil was collected to form a composite sample. Kjeldahl Nitrogen method; P was analysed by using a Thermo Spectronic Genesys 10 UV spectrophotometer (Thermo Fischer Scientific Inc., Waltham, MA, USA); and the K, Ca and Mg content were determined by FAES and ICP-AAS as was done for soils analyses.
Composite sampling
Appropriate considerations on compositing were taken into account to perform the composite sampling procedures for ionic content in water; and macronutrients content in soil and plant tissues (US EPA ).
Temporal composite sampling was used for each of the five different quality waters and wastewaters to analyse their corresponding ionic concentrations. In every case, 40 subsamples were collected periodically throughout the 120 days of plant irrigation. During the experiment, a volume of water equivalent to 10% of that used to irrigate the crops was collected, mixed and stored at 4 W C until analysis.
Spatial composite sampling was applied in soils for each pair of irrigation drawers (Figure 1) to study the evolution of macronutrients and its characteristics during crop irrigation.
Consequently, five different composite samples were taken at 40, 80 and 120 days. Each composite sample was well homogenised and formed by taking 20 evenly distributed representative subsamples.
Statistical tests
The crop productivities for each type of irrigation water were assessed at cultivation (day 120). The plant length and weight data (n ¼ 20 in every case) were subjected to a one-way analysis of variance (ANOVA) to establish the similitudes between samples. The statistical tests were conducted with the XLSTAT package under EXCEL.
RESULTS AND DISCUSSION
Untreated and treated wastewater quality
The quality of the untreated and treated wastewaters used in the irrigation experiments is presented in Table 1 . It was cor- 
Macronutrients content in soil
According to the properties for soil fertility (NOM-021-SEMARNAT-), the virgin soil displayed 'very low' concentrations of NH 4 þ (21.7 mg/kg) and K þ (110.0 mg/kg); while its P (13.1 mg/kg) and Mg 2þ (473.0 mg/kg) contents were classified as 'low', and the levels of Ca 2þ (1448.0 mg/ kg) as 'medium'. Additionally, the soil contained a high percentage of organic matter (6.59%, important for moistureretention). Its pH of 6.60 was considered neutral. Figure 2 shows the evolution of macronutrients and soil characteristics for the five types of irrigation water during crop cultivation.
A large percentage of nitrogen was accumulated in the soil irrigated with tap water þ fertilizer (Figure 2(a) ). The irrigation with tap water did not provide a significant supply of NH 4 þ , so its availability in the soil was almost completely consumed. The untreated wastewater showed a slight increase in nitrogen concentration at 80 and 120 days. The O 3 EPTW irrigation showed a slight increase in soil NH 4 þ at 40 days, but then it showed a decrease in its concentration, being more pronounced for the O 3 EPTW at the end of the cultivation period.
In all cases, soil concentrations of P decreased at 120 days (Figure 2(b) ). This suggests that there is an important demand for this element by the crops (CPHA ). K þ accumulated in all soils (except O 3 EPTW-A); the largest increase in K þ content occurred for the tap water þ fertilizer irrigation (Figure 2(c) ). Parameters such as Na þ , Ca 2þ , SO 4 2þ , EC and organic matter, had a similar behaviour and their contents in all soils tended to increase during the crop cultivation (Figure 2(d) , (e), (g), (h), (j)).
In spite of the increasing exchangeable ionic concentrations in soils, it was found that the irrigation with O 3 EPTW did not change the soil's salinity classification (NOM-021-SEMARNAT-) as determined by its electrical conductivity, EC (Figure 2(h) ). During the 120 For the current research, this can be explained by a buffer effect that may be promoted by the ozone-oxidised organic matter. The organic matter of the two irrigation waters that were subjected to ozonation (O 3 EPTW) will contain higher levels of COOH groups. The formation of these groups can increase the soil's cation exchange capacity (Bot & Benites ) and, consequently, the soils irrigated with O 3 EPTW will exhibit a lower EC than that for untreated wastewater and tap water þ fertilizer throughout all cultivation. According to the NOM-021-SEMARNAT- classification, at 120 days of crop cultivation the soil irrigated with untreated wastewater was the only case that started to show signs of salinisation.
On the other hand, the soil irrigated with tap water þ fertilizer showed a marked decrease in its pH (pH: 5.52; Figure 2 (i)), so its long-term use can lead to soil acidification.
In contrast, the soil samples irrigated with untreated wastewater and O 3 EPTW (A and B) maintained a pH between 6.1 and 6.2, which is similar to that of the untreated wastewater. Lastly, it was observed that the content in organic matter increased in all soil samples (Figure 2(j) ). For the untreated wastewater and treated wastewaters soils, the increase is due to the organic content of these waters, in addition to the presence of crop residues. In the case of tap water, this was attributed to the presence and degradation of plant debris and humus.
Macronutrients content in plant tissues
With regard to the macronutrients content in plant tissues ( Figure 3) , it was noted that for all irrigation waters the N, K and Mg content in plant tissues were similar. However, the plants irrigated with tap water þ fertilizer exhibited the highest P and Ca content.
In plant tissues, the nutrient content for the treated and the untreated wastewaters appeared to be within the reported ranges for L. sativa (Alzate & Loaiza ) . Lettuces, like many other crops, can easily assimilate nutrients that are provided by reclaimed municipal wastewaters; because most of them exist as free ionic species, which are readily available for plant uptake (Pereira et al.
).
Another interesting result is that the content of nutrients and ions (N, P, K, Ca and Mg) in plant tissues irrigated with treated and untreated wastewater was broadly similar to that of the plants that were irrigated with tap water supplemented with fertilizer, despite the differing concentrations found in soils and irrigation waters. This shows that the nutrient assimilation by the crops is not affected by the O 3 EPTW irrigation.
L. sativa crop productivity Figure 4 shows the length and weight for the lettuce plants at harvest (day 120). The statistical analysis (ANOVA) of the plant productivities allowed confirmation that there are statistical differences between the growths of lettuce plants irrigated by the five types of water.
As expected, the plants irrigated by the tap water þ fertilizer displayed the largest productivities (p ¼ 0.000 for lengths and weights) due to the highest macronutrients content in the corresponding irrigation water and soil (Table 2 and Figure 2 ). For this purpose, in future studies it is recommended to use a depleted or an infertile soil (without any nutrients, like for example, sand; or tezontle, a type of volcanic-rock), in order to minimize interferences from nutrients that are already present in the original (starting) soil. Additionally, it is necessary to consider that there are other factors (such as biological ones) that may also affect the plant growths.
CONCLUSIONS
O 3 EPTW irrigation can provide an alternative to untreated wastewater (without the microbiological risks that its use represents) or replace the need of fresh water for irrigation (wherever water resources are limited).
According to Mexican legislation (NOM-001-SEMAR-NAT-), the quality of the O 3 EPTW waters allows their use for unrestricted irrigation (for watering vegetables and agricultural products that are eaten raw).
The increase in organic matter content with lower electrical conductivity values for O 3 EPTW soils can provide positive effects in the long term that could lead to enhanced crop productivities, and a better management of wastewater and agricultural resources.
The soil irrigated with untreated wastewater started to show signs of salinisation, while soil acidification occurred with the tap water þ fertilizer. These issues did not occur with O 3 EPTW water irrigation due to a buffer effect on the electrical conductivity of the ozone-oxidised organic matter.
The irrigation of L. sativa with treated wastewaters maintained the macronutrient content in the cultivated plant's tissues. For plant tissues, the N, K and Mg contents were similar, except for tap water, which always remained lower.
For the crop productivities, between the treated and the untreated wastewaters the plant lengths showed statistically significant differences; no differences were found with regard to plant weights. Due to an abundance of macronutrients in ionic form, plant growth was the highest for tap water þ fertilizer for this single-season crop cultivation experiment.
The results of this study confirm that the use of O 3 EPTW (A and B) represents a good alternative for agricultural irrigation because it maintains adequate levels of nutrients content in the water, soil and plant tissues.
